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Summary. Glucose-induced insulin secretion is impaired in 
the presence of chronic hyperglycaemia. Insulin secretion 
was studied in a diabetic rat model prior to the beta cells be- 
coming non-responsive to glucose in order to map out the se- 
quence of changes that accompany chronic hyperglycaemia. 
In vitro pancreas perfusions were carried out 1 and 2 weeks 
after a 90% pancreatectomy; controls underwent a sham 
pancreatectomy. One week post 90% pancreatectomy: (i) 
non-fasting plasma glucose values were 2-3 mmol/1 above 
normal, (ii) the in vitro insulin response to 16.7 mmol/1 glu- 
cose was 20 + 4 % of shams, a response that was appropriate 
for the surgical reduction in beta-cell mass, (iii) the beta-cell 
sensitivity for glucose was increased as reflected by left- 
shifted dose-response curves for glucose-induced insulin se- 

cretion (half maximal insulin output 5.7 mmol/1 glucose vs 
16.5 mmol/1 glucose in shams) and glucose potentiation of ar- 
ginine-induced insulin secretion (half maximal insulin out- 
put 3.5 mmol/1 glucose vs 14.8 mmol/1 glucose in shams). This 
heightened beta-cell sensitivity for glucose was not a result of 
the hyperglycaemia, because similarly reduced half-maximal 
insulin responses were found after a 60 % pancreatectomy, a 
surgical procedure in which plasma glucose values remained 
normal. In summary, a rise in beta-cell sensitivity for glucose 
precedes the loss of glucose-induced insulin secretion in 
diabetic rats. 

Key words: Islets of Langerhans, insulin secretion, perfused 
pancreas, glucose, arginine, partial pancreatectomy. 

The characteristic insulin secretion defect in Type 2 (non- 
insulin-dependent) diabetes mellitus is an impaired in- 
fluence of glucose over insulin secretion [1, 2]. A substan- 
tial body of information, much of it from animal models, 
has suggested that chronic exposure of beta cells to an 
elevated plasma glucose concentration causes the glucose 
unresponsiveness [1, 3]. However, the same secretory de- 
fect is found in animal models where glucose values are 
raised less than i mmol/1 [4-6]. Still unresolved is how 
such a small increase in plasma glucose causes beta-cell 
dysfunction. 

We recently observed another insulin secretion defect 
in rats made diabetic by the administration of streptozo- 
tocin during the neonatal period. A dose-response curve 
for glucose-induced insulin secretion was constructed 
after first causing recovery of glucose responsiveness by 
perfusing the pancreas in vitro for 40 min with buffer con- 
taining no glucose [7]. The curve in the diabetic rats was 
shifted to the left so that half-maximal insulin secretion 
occurred at 8.3 mmol/1 glucose vs 13.2 mmol/1 in control 
rats [8]. In addition, Sako and Grill [9] reported that dia- 
zoxide (an inhibitor of insulin secretion) prevented the 
loss of glucose-induced insulin secretion in rats made 

hyperglycaemic with glucose infusions. They concluded 
that excessive stimulation of insulin secretion was one 
mechanism for the beta-cell dysfunction in these rats. 

Based on these results, we hypothesized that mild 
hyperglycaemia causes beta-cell dysfunction through a 
cascade of events. First, glucose sensitivity increases as re- 
flected by a left-shift in glucose-induced insulin secretion. 
This adaptive enhancement of insulin secretion at sub- 
maximal glucose levels causes the beta cells to function as 
if the hyperglycaemia were worse than it actually is. It is 
this overactivity which leads to the next step in the pro- 
cess, the intracellular events which cause glucose-induced 
insulin secretion to become impaired. 

This study uses a partial pancreatectomy rat model to 
test the first part of this hypothesis, that a hypersensitivity 
for glucose predates the loss of glucose-induced insulin se- 
cretion in diabetic rats. Rats were studied after 90 % pan- 
createctomy. These rats are hyperglycaemic, and the beta 
cells in the remaining 10 % of the pancreas develop the 
typical features of hyperglycaemia-induced dysfunction, 
lack of glucose-induced insulin secretion while that to 
non-glucose secretagogues such as arginine is intact [10, 
11]. Rats were also studied after a 60 % pancreatectomy. 
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These rats are not hyperglycaemic, and glucose-induced 
insulin secretion remains at a level which is appropriate 
for the reduction in beta-cell mass, i.e. 40 % of normal [5, 
12]. The aims of the study were to determine: 1) is the 
dose-response curve for glucose-induced insulin secretion 
left-shifted after a 90% pancreatectomy? 2) does the 
hypersensitivity for glucose predate the disappearance of 
glucose-induced insulin secretion? 3) does hypergly- 
caemia cause the heightened beta-cell sensitivity for glu- 
cose? 

Materials and methods 

Partial pancreatectomy rat model (Ix). Partial pancreatectomies 
were performed on 5-week-old male Sprague-Dawley rats (Taconic, 
Germantown, NY, USA) using the method of Bonner-Weir et al. 
[10]. During pentobarbital sodium anaesthesia (100 mg/kg i.p.), a 
midline abdominal incision was made and the pancreas was mobi- 
Iized by gently breaking mesenteric connections with the stomach, 
bowel, and retroperitoneum. Cotton applicators were used to 
abrade pancreatic tissue away from the major blood vessels. A 90 % 
Px entailed removing the pancreas in toto except for the portion bor- 
dered by the bile duct and the duodenum [10]. A 60% Px consisted 
of removing the splenic lobe of the pancreas up to, but not including, 
the small flap attached to the pylorus [5]. Control rats (shams) 
underwent laparotomy and mobilization of the pancreas. Post-oper- 
atively, rats were given rat chow and tap water ab libitum. 

In vitro perfusedpancreas. This technique has been described in de- 
tail elsewhere [13]. On the day of perfusion, blood (non-fasting) was 
obtained at 09.00 hours for plasma glucose measurements. The per- 

Table 1. Post-operative body weight and plasma glucose values 

% Pancreat- Bodyweight (g) Plasma glucose 
ectomy (Px) (mmol/l) 

I week 2 weeks i week 2 week 

Sham rats 158+3 207_+5 8.1_+0.2 8.4_+0.2 
60% Px 213•  8.9 • 0.2 
90% Px 140_+3 a 200+_5 10.6+0.7 b 11.8_+0.8 b 

Values are expressed as mean • SEM. Number of animals in each 
group: sham operated rats at 1 week (16) and 2 weeks (18), 60% Px 
2 weeks (15), 90 % Px 1 week (18) and 2 weeks (18). The plasma glu- 
cose values are non-fasting 
"p < 0.005, bp < 0.001; Statistical significance was determined be- 
tween Px rats and the time-matched sham group 
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fusate was a Krebs-Ringer bicarbonate buffer pH 7.4 plus 4 % dex- 
tran %o (Sigma, St. Louis, Mo., USA),  2 mmol/1 Ca 2 , 1.2 mmol/l 
Mg > , and 0.2 % bovine serum albumin fraction V (Sigma), at a flow 
rate of 3 ml/min. Following cannulation of the aorta and portal vein, 
the body cavity was covered with gauze soaked in saline and main- 
tained at 36-39~ by a heat tamp. Each protocol began with an 
equilibration period of at least 20 min. Thereafter, l-rain samples 
were collected in tubes containing 8 mg EDTA and kept on ice pend- 
ing storage at -20 ~ 

Protocols 

1.90 % Px and sham rats underwent pancreas perf~asion 1 or 2 weeks 
post-surgery. The protocol was 20-rain equilibration at 5.5 retool/1 
glucose followed by 15min 16.7 retool/1 glucose and 15min 
10 mmol/l arginine + 16.7 mmol/1 glucose. 
2. 90 % Px and sham rats underwent pancreas perfusion 1 or 2 weeks 
post-surgery. The protocol was 40-rain equilibration at 0 mmol/1 glu- 
cose followed by 15 min 5.5, 11.1, 16.7, or 27.7 mmol/1 glucose and 
15 rain 10 mmol/l arginine + the same glucose concentration. 
3.60 % Px rats underwent pancreas perfusion 2 weeks post-surgery. 
The protocol was 40-min equilibration at 0 mmol/1 glucose followed 
by 15rain 5.5, 11.1, 16.7, or 27.7mmol/1 glucose and 15min 
10 mmottt arginine + the same glucose concentration. 

Analytical methods. Plasma glucose was measured with a Beckman 
Glucose Analyzer II (Beckman, Brea, Calif., USA). Insulin concen- 
trations were determined by RIA using charcoal separation [14] and 
rat insulin standards (Lilly, Indianapolis, Ind., USA). The sensitivity 
of the assay was 30 pmol/1. 

Data presentation and statistical methods'. All data are expressed as 
mean • SEM. Insulin output values in the tables are the mean in- 
sulin concentration of all samples collected during the designated 
perfusate condition. Dose-response curves for glucose-induced in- 
sulin secretion and glucose potentiation of arginine-induced insulin 
secretion were constructed by measuring insulin output at 5.5, 11.1, 
16.7, and 27.7 mmol/1 glucose in separate groups of rats, then com- 
bining the results. Glucose concentration (x axis) was plotted against 
two types of y axes, insulin output and percent maximal insulin out- 
put. Percent maximal output was calculated using the insulin con- 
centration from the appropriate group perfused with 27.7 mmol/1 
glucose as 100 %. All groups had non-measurable insulin concentra- 
tions at the end of the 40-min equilibration period at 0 mmol/1 glu- 
cose so that a value of 0 was placed at 0 mmol/l glucose on all curves. 
Curves were fit to the data and half-maximal values calculated using 
a non-linear curve fit computer program (SigmaPlot; Jandel, San 
Rafael, Calif., USA).  Statistical significance was determined with 
the two-tailed unpaired Student's t-test (two groups) or one way 
analysis of variance (more than two groups). 
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Fig. 1A, B. Insulin secretion i (A) and 2 (B) 
weeks after a 90 % pancreatectomy (o - -e )  or 
sham pancreatectomy (c--~) .  Secretion was as- 
sessed in vitro with the perfused pancreas tech- 
nique. Perfusion protocol: 5.5 mmol/1 glucose 
followed by 15 rain of 16.7 retool/1 glucose and 
15 rain of 16.7 mmol/l glucose + 10 retool/1 ar- 
ginine. Groups consisted of 5 or 6 animals 
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Table 2. Insulin secretion post 90% pancreatectomy 

Week post-surgery Animals (n) Insulin secretion (pmol/1) 

16.7 mmol/1 glucose 

1 week Sham (5) 2480 _+ 132 
Px (6) 498 _+ 89 

(20_+4%) 

2 weeks Sham (5) 4510 _+ 984 
Px (5) 170 _+ 74 

(4_+2%) 
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16.7 mmol/1 glucose + 
10 mmol/1 arginine 

11430 + 473 
2640 _+ 455 

(23_+4%) 

13550_+ 2600 
2120 _+ 457 

(16_+3%) 

Arginine/glucose 
insulin response 

4.7• 
5.7• 

3.2• 
16.6• 

Values are expressed as mean _+ SEM. Insulin secretion results were 
obtained by in vitro pancreas perfusion using the protocol shown in 
Figure 1. Listed values are the mean insulin concentration of all sam- 

pies collected during the designated perfusate condition. The num- 
bers in parentheses are the results from the 90 % Px rats expressed as 
% of the result from the sham rats 
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Fig.ZA-D. Dose-response curves for glucose-induced insulin secre- 
tion i (upperpanel) and 2 (lower panel) weeks after a 90 % pancreat- 
ectomy (�9 �9 or sham pancreatectomy (o--o). Insulin secretion 
was assessed in vitro with the perfused pancreas technique�9 Perfu- 
sion protocol: 15 min of 5.5, 11.1, 16.7, or 27.7 retool/1 glucose 
preceded by 40 rain of 0 retool/1 glucose. Each point represents the 
mean effluent insulin concentration from a separate group of rats (3- 
4 perfusions). A insulin output i week post-surgery. B % maximal 
insulin output 1 week post-surgery. C insulin output 2 weeks post- 
surgery. D % maximal insulin output 2 weeks post-surgery 

R e s u l t s  

General characteristics o f  the animal groups (Table 1). 
Rats 1 week post 90 % Px weighed slightly less than sham 
rats. By 2 weeks, the body weight was back to normal. 
Non-fasting plasma glucose values peaked 1 week after a 
90 % Px at 2-3 mmol/1 above normal. 

Protocol 1. Glucose and arginine-induced insulin secre- 
tion were assessed 1 and 2 weeks post 90 % Px. The perfu- 
sion protocol was 5.5 mmol/1 glucose during the equilibra- 
tion period followed by 15 min 16.7 mmol/1 glucose and 
15 min 16.7 mmol/1 glucose + 10 mmol/1 arginine (Fig. 1). 
One week post-surgery, sham rats had the expected bi- 
phasic rise in insulin release to 16.7 retool/1 glucose and a 

further 4.7 + 0.3 fold rise when arginine was added. The 
results at 2 weeks were similar except for a larger insulin 
response to 16.7 mmol/1 glucose. One week post 90 % Px, 
insulin secretion was similar to that of the sham rats when 
the reduced beta-cell mass was taken into account; the 
glucose response was 20 + 4 % of the shams, the arginine 
response was 23 + 4 %, and the fold rise to arginine was 
like that of the sham rats (Table 2). The only abnormali ty 
was a shift in the pat tern of insulin release towards an 
exaggerated first phase response to 16.7 mmol/1 glucose 
(first phase 26 + 4 % of shams vs second phase 15 + 4 % of 
shams, p < 0.005 by paired t-test). Two weeks post 90 % 
Px, the insulin response to 16.7 mmol/1 glucose had fallen 
to 4 + 2 %  of the sham rats while that to arginine 
(16+ 3 %) was still in line with the expected fractional 
beta-cell mass of the pancreatic remnant.  

Protocol 2. Dose-response curves for glucose-induced in- 
sulin secretion and glucose potentiat ion of arginine-in- 
duced insulin secretion were constructed 1 and 2 weeks 
post 90% Px by perfusing rats with 5.5, 11.1, 16.7, or 
27.7 mmol/1 glucose followed by the addition of 10 mmol/1 
arginine. It has previously been established that perfusing 
the pancreas of diabetic rats for 40 min with buffer con- 
taining no glucose causes re-emergence of glucose-in- 
duced insulin secretion [7]. Protocol i showed virtual ab- 
sence of glucose-induced insulin secretion in 90 % Px rats 
2 weeks after the surgery. In order to allow study of the 
beta-cell sensitivity for glucose 1 and 2weeks  post- 
surgery, the protocol began with 40 min 0 mmol/1 glucose. 

In sham rats, the curves for glucose-induced insulin se- 
cretion at 1 and 2 weeks were superimposable (Fig. 2); 
both showed the typical S shape with output rising 
through 27.7 mmol/1 glucose. The glucose values for half- 
maximal insulin output were 16.5 mmol/1 at I week and 
16.5 mmol/l  at 2 weeks. The curves in the 90 % Px rats 
were very different, rising steeply to a maximum response 
at 11.1 mmol/1 glucose. The half-maximal insulin output 
values were 5.7 mmol/1 glucose at 1 week and 5.6 mmol/1 
glucose at 2 weeks. Glucose potentiation of arginine-in- 
duced insulin output was also shifted to the left in the 90 % 
Px rats. The curves in the shams were sigmoidal with half- 
maximal values at 1 and 2 weeks of 14.8 and 15.8 mmol/1 
glucose (Fig. 3). The 90 % Px rats had hyperbolic curves 
with half-maximal values at 1 and 2 weeks of 3.5 mmol/1 
and 6.6 mmol/1 glucose. 
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Pig.3A-D. Dose-response curves for glucose potentiation of ar- 
ginine-induced insulin secretion I (upper panel) and 2 (lower panel) 
weeks after a 90 % pancreatectomy (e--e) or sham pancreatectomy 
(o--o). Insulin secretion was assessed in vitro with the perfused pan- 
creas technique. Perfusion protocol: 15 min of 10 mmol/1 arginine 
+ 5.5, 11.1, 16.7, or 27.7 mmol/1 glucose preceded by 40 min of 
0 mmol/1 glucose and 15 min of the same glucose concentration. 
Each point represents the mean effluent insulin concentration from 
a separate group of rats (34  perfusions). A insulin output 1 week 
post-surgery. B % maximal insulin output 1 week post-surgery. 
C insulin output 2 weeks post-surgery. D % maximal insulin output 
2 weeks post-surgery 

To determine which phases of  glucose- induced insulin 
secretion were shifted to the left in 90 % Px rats, separate 
dose-response curves for the first and second phases were 
constructed in i week  post -surgery rats using the data  
f rom Figure 2 A.  The  curves for  first and second phase re- 
lease were bo th  left-shifted in the 90% Px rats (Fig. 4); 
half-maximal values were  5.3 mmol/1 glucose in 90 % Px 
rats for the first phase  vs 13.4 mmol/1 glucose in shams, and 
6.9 mmol/1 glucose in 90 % Px rats for the second phase vs 
17.1 mmol/1 glucose in shams. In  addition, close exami- 
nat ion of  these data  provided  addit ional support  for the 
observat ion f rom pro toco l  1 of  an abnormal  pat tern  of  
glucose- induced insulin secret ion in 90 % Px rats which is 
character ized by an exaggera ted  first phase. As shown in 
Table3 ,  the mean  insulin levels a t ta ined during 
27.7 mmol/1 glucose in the sham rats were similar for  the 
first and second phases (2773 + 459 pmol/1 first phase vs 
3600 + 227 pmol/1 second phase,  p = NS). In  contrast ,  in 
90 % Px rats, the m e a n  first phase  level was 4 times higher 
than the second phase (919 + 209 pmol/1 first phase  vs 
211 _+ 31 pmol/1 second phase, p < 0.03). The  same pa t te rn  
was observed in the 90% Px rats 2 weeks post-surgery 
(Table 3). 

Protocol 3. To determine  if hyperg lycaemia  caused the 
heightened beta-cell  sensitivity for glucose in 90 % Px rats, 
dose-response curves for glucose- induced insulin secretion 
and glucose potent ia t ion  of  arginine - induced insulin secre - 
t ion were  const ructed  2 weeks after a 60 % Px using the 

Fig.4A, B. Dose-response curves for first and second phases of glu- 
cose-induced insulin secretion i week after a 90 % pancreatectomy 
( ~ - e )  or sham pancreatectomy (c>--<)). Insulin secretion was as- 
sessed in vitro with the perfused pancreas technique. Perfusion 
protocol: 15 min of 5.5, 11.1, 16.7, or 27.7 retool/1 glucose preceded 
by 40 min of 0 mmol/1 glucose. First phase release was calculated as 
the mean insulin concentration of the samples obtained during min 
2-5. Second phase release was calculated as the mean insulin concen- 
tration of the samples obtained during min 6-15. Each point repre- 
sents a separate group of rats (3-4 perfusions). A % maximal first 
phase insulin release. B % maximal second phase insulin release 
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Fig. 5 A-D. Dose-response curves for glucose-induced insulin secre- 
tion (upper panel) and glucose potentiation of arginine-induced in- 
sulin secretion (lower panel) 2 weeks after a 60% pancreatectomy 
(e----e). The dashed line repeats the 2-week results of the sham rats 
from Figures 2 and 3. Insulin secretion was assessed in vitro with the 
perfused pancreas technique. Perfusion protocol: 40 min equilibra- 
tion at 0 mmol/1 glucose followed by 15 min of 5.5, 11.1, 16.7, or 
27.7 mmol/1 glucose and 15 min of 10 mmol/l arginine + the same 
glucose concentration. Each point represents the mean effluent in- 
sulin concentration from a separate group of rats (3-5 perfusions). 
A insulin output to glucose. B % maximal insulin output to glucose. 
C insulin output to arginine + glucose. D % maximal insulin output 
to arginine + glucose 

me thod  described above,  40 min of  0 mmol/1 glucose fol- 
lowed by 5.5, 11.1, 16.7, or 27.7 mmol/1 glucose, then 
10 mmol/1 arginine + the same glucose concentrat ion.  
Non-fast ing plasma glucose values were normal  2 weeks 
after a 60 % Px (Table 1). Despi te  having r emoved  60 % of 
the pancreas,  insulin output  to glucose and to arginine per- 
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Table 3. First and second phases of insulin secretion post 60 % and 90 % pancreatectomy 

Perfusate glucose Insulin secretion (pmol/1) 
(mmol/1) Sham rats i week post-surgery 90% Px 1 week post-surgery 

First phase Second phase First phase Second phase 

5.5 362 _+ 64 24 + 3 482 _+ 99 74 + 24 
11.1 656 _+ 254 275 + 97 908 _+ 124 231 + 88 
16.7 2472 _+ 750 1722 + 294 905 _+ 73 301 + 87 
27.7 2773 + 459 3600 _+ 227 919 + 209 211 +_ 31 

Sham rats 2 weeks post-surgery 60 % Px rats 2 weeks post-surgery 90 % Px rats 2 weeks post-surgery 

First phase Second phase First phase Second phase First phase Second phase 

5.5 457 _+ 20 24 + 6 279 _+ 101 26 + 7 
11.1 2082 +_ 262 743 _+ 116 1268 + 144 613 + 84 
16.7 2384 _+ 417 1769 + 408 1151 +_ 90 499 + 73 
27.7 3956 + 497 3241 _+ 565 1063 _+ 79 576 + 75 

362 + 46 81 + 41 
1192 + 210 249 + 24 
1290 _+ 61 196 _+ 33 
1418 _+ 173 300 + 57 

Values are expressed as mean _+ SEM. Insulin secretion results were 
obtained by in vitro pancreas perfusion using a protocol of 40 min 
0 mmol/1 glucose followed by 15 min of one of the glucose concentra- 

tions shown. First phase release: mean insulin concentration of the 
samples obtained during min 2-5. Second phase release: mean in- 
sulin concentration of the samples obtained during min 6-15 

fectly matched that of sham rats up to 11.1 mmol/1 glucose 
(Fig. 5), thereafter, output  rose no further. The half-maxi- 
mal insulin output values were 6.2 mmol/1 glucose for glu- 
cose-induced insulin secretion - 6.0 mmol/1 glucose first 
phase and 6.6mmol/1 glucose second phase - and 
6.1 mmol/1 glucose for the arginine response. Like the 90 % 
Px rats, the pat tern of glucose-induced insulin secretion in 
the 60 % Px rats was altered towards an exaggerated first 
phase response. As seen previously at 1-week post-surgery, 
sham rats 2 weeks post-surgery had mean  first and second 
phase insulin concentrations at 27.7 mmol/1 glucose 
that were similar (3956+497 pmol/1 first phase vs 
3241+565 pmol/1 second phase, p = NS). In contrast, 
the mean insulin level for the first phase in the 60 % Px 
rats was double the second phase (1063+79pmol / t  
first phase vs 576 + 75 pmol/1 second phase ,p  < 0.011). 

Discussion 

Normally, the plasma glucose concentration controls in- 
sulin secretion through its actions to stimulate insulin re- 
lease and to modulate insulin output  from other secreta- 
gogues. Chronic hyperglycaemia disrupts this relationship 
such that glucose control over  insulin release is impaired 
[3]. The present paper  has studied insulin secretion in a 
diabetic rat model  prior to the time that the beta cells be- 
came unresponsive to glucose. For  the first time, an inter- 
mediate stage in beta-cell function has been  identified 
which is characterized by a raised sensitivity for glucose as 
defined by left-shifted curves for glucose-induced insulin 
secretion and glucose potentiat ion of arginine-induced in- 
sulin secretion. These results delineate the sequence of 
changes in beta-cell function which accompany chronic 
hyperglycaemia. First, glucose sensitivity increases. The 
result is that normal  to near-normal levels of plasma glu- 
cose cause substantially more  insulin output  than ex- 
pected. Sometime later, glucose-induced insulin secretion 
disappears. 

Why did the beta-cell sensitivity for glucose increase? 
We previously reported a left-shifted dose-response curve 

for glucose-induced insulin secretion in another  diabetic 
rat model,  rats given streptozotocin as neonates [8]. In the 
current study, the left-shifts were identified 1-week post 
90 % Px when the rats were hyperglycaemic. It is tempting 
to speculate that the hyperglycaemia caused the increased 
sensitivity for glucose. Additional experimental  data 
which could be interpreted to support  such an idea are 
that isolated islets f rom rats made hyperglycaemic with 
glucose infusions [15, 16] and normal islets cultured at a 
high glucose concentration [17] both have left-shifted cur- 
ves for glucose-induced insulin secretion. However,  60 % 
Px rats showed similar reductions in half-maximal insulin 
responses to glucose as the 90 % Px rats despite their nor- 
moglycaemia. Ward et al. [2, 18] reported a left-shift in 
glucose potentiat ion of arginine-induced insulin secretion 
in normoglycaemic dogs 4 weeks after a two-thirds pan- 
createctomy. Also, glucose-induced insulin secretion is 
left-shifted in obese normoglycaemic rats [19, 20] and in 
normoglycaemic pregnant  rats [21]. Therefore,  hypergly- 
caemia does not appear  to be a factor in the raised beta- 
cell sensitivity for glucose. Instead, these situations all 
have a raised demand for insulin output because of reduc- 
tions in beta-cell mass, insulin resistance, and/or hypergly- 
caemia. Our  working model is that the supersensitivity for 
glucose represents an adaptive response of beta  cells to an 
increased work load. With that idea in mind, the results in 
the 60 % Px rats provided a striking demonstrat ion of just 
how successful the beta-cell adaption was; despite there 
being 60 % fewer beta cells, insulin output to glucose and 
to arginine perfectly matched that of the sham rats over 
the physiologic range of glucose concentrations. Whether  
human beta cells adapt  in quite the same fashion remains 
unknown, since normal half-maximal responses for glu- 
cose-induced insulin secretion have been reported follow- 
ing a partial pancreatectomy [22] and with experimental  
insulin resistance [23]. 

A key question f rom these results is whether  the beta- 
cell supersensitivity for glucose in the 90 % Px rats plays 
any role in the later disappearance of glucose-induced in- 
sulin secretion. Such a model  could entail chronic stimula- 
tion of beta cells leading to depletion or alteration of key 
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substrates, cofactors, or regulatory enzymes. Extrapolat-  
ing our data to the in vivo situation, at their usual levels of 
glycaemia, the beta cells of sham rats (8.1 mmol/1 of glu- 
cose) secreted at 8 % of their secretory capacity while the 
Px rats (10.6 mmol/1 glucose) were at more  than 90 % of 
capacity. Finding the left-shifted curves in the eugly- 
caemic 60 % Px rats, a model  known to maintain normal  
beta cell responsiveness to glucose [5]~ does not exclude 
this possibility since hyperglycaemia would have an addi- 
tive effect to further stimulate insulin output. It  may be 
that both factors must be present  to reach a level of func- 
tion which is not sustainable. The approach taken to test 
the role that overwork plays in the beta-cell glucose unre- 
sponsiveness from chronic hyperglycaemia has been to in- 
vestigate the effects of diazoxide, an inhibitor of insulin 
secretion which acts to tonically open ATP-sensitive K + 
channels, thereby preventing beta-cell depolarization [9, 
24]. The published data are contradictory in that diazox- 
ide has been  repor ted to prevent  the loss of glucose-in- 
duced insulin secretion in rats made hyperglycaemic by 
glucose infusions [9]. In contrast, diazoxide failed to cause 
recovery of glucose-induced insulin secretion in a rat 
model  with pre-existing glucose unresponsiveness when 
studied under basal conditions, but did increase the in- 
sulin response to glucose when the rats were made more  
hyperglycaemic with glucose infusions [25]. Preliminary 
experiments f rom our laboratory have found marked  in- 
creases in insulin responses using diazoxide t reatment  in 
90 % Px rats [26]. 

In summary, this paper  has mapped  out the temporal  
profile of changes in beta-cell function that follow a 90 % 
pancreatec tomy in rats. The same sequence is thought to 
occur with chronic hyperglycaemia regardless of cause. 
The first change is an increase in glucose sensitivity as 
defined by reductions in the thresholds for glucose-in- 
duced insulin secretion and glucose potentiat ion of ar- 
ginine-induced insulin secretion. The shift to a supersen- 
sitive beta  cell occurred within i week of the surgery, at a 
time when the rats were hyperglycaemic. However,  
hyperglycaemia played little to no role in the heightened 
glucose sensitivity. Instead, the rise in glucose sensitivity 
represented an adaptive response of beta  cells to the in- 
creased demand for insulin output. By 2 weeks after the 
surgery, a second beta-cell defect appeared,  a near-total 
inhibition of glucose-induced insulin secretion. Hyper-  
glycaemia has been postulated to be necessary for this 
defect to occur [3]. The hypersensitivity to glucose is still 
present, but it is hidden by the impairment  in glucose-in- 
duced insulin secretion. This fact becomes evident when 
the dose-response curves at 1 and 2 weeks are compared; 
experimentally reversing the block in glucose-induced 
insulin secretion with 40 min of 0 mmol/1 glucose result- 
ed in curves at the two time points which were essen- 
tially identical. These results clearly indicate that the 
hypersensitivity to glucose and the impairment  in glu- 
cose-induced insulin secretion are separate and distinct 
defects. 
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